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Oocytes of wild-type mice are ovulated as the secondary oocytes arrested at metaphase of the second meiotic division. Their
fertilization or parthenogenetic activation triggers the completion of the second meiotic division followed by the first
embryonic interphase. Oocytes of the LT/Sv strain of mice are ovulated either at the first meiotic metaphase (M I) as primary
oocytes or in the second meiotic metaphase (M II) as secondary oocytes. We show here that during in vitro maturation a high
proportion of LT/Sv oocytes progresses normally only until metaphase I. In these oocytes MAP kinase activates shortly after
histone H1 kinase (MPF) activation and germinal vesicle breakdown. However, MAP kinase activation is slightly earlier
than in oocytes from wild-type F1 (CBA/H 3 C57Bl/10) mice. The first meiotic spindle of these oocytes forms similarly to
wild-type oocytes. During aging, however, it increases in size and finally degenerates. In those oocytes which do not remain
in metaphase I the extrusion of first polar bodies is highly delayed and starts about 15 h after germinal vesicle breakdown.
Most of the oocytes enter interphase directly after first polar body extrusion. Fusion between metaphase I LT/Sv oocytes and
wild-type mitotic one-cell embryos results in prolonged M-phase arrest of hybrids in a proportion similar to control LT/Sv
oocytes and control hybrids made by fusion of two M I LT/Sv oocytes. This indicates that LT/Sv oocytes develop cytostatic
factor during metaphase I. Eventually, anaphase occurs spontaneously and the hybrids extrude the polar body and form
pronuclei in a proportion similar as in controls. In hybrids between LT/Sv metaphase I oocytes and wild-type metaphase II
oocytes (which contain cytostatic factor) anaphase I proceeds at the time observed in control LT/Sv oocytes and hybrids
between two M I LT/Sv oocytes, and is followed by the parthenogenetic activation and formation of interphase nuclei. Also
the great majority of hybrids between M I and M II wild-type oocytes undergoes the anaphase but further arrests in a
subsequent M-phase. These observations suggest that an internally triggered anaphase I occurs despite the presence of the
cytostatic activity both in LT/Sv and wild-type M I oocytes. Anaphase I triggering mechanism must therefore either
inactivate or override the CSF activity. The comparison between spontaneous and induced activation of metaphase I LT/Sv
oocytes shows that mechanisms involved in anaphase I triggering are altered in these oocytes. Thus, the prolongation of
metaphase I in LT/Sv oocytes seems to be determined by delayed anaphase I triggering and not provoked directly by the
cytostatic activity. © 1998 Academic Press
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INTRODUCTION
Cytoplasmic transfer experiments demonstrate that the
natural arrest of vertebrate oocytes at metaphase of the
second meiotic division (M II) depends on the activity of
cytostatic factor (CSF), which stabilizes maturation pro-
moting factor (MPF, Masui and Markert, 1971).
MPF is responsible for induction of M-phase in all eu-
karyotic cells studied (for review see Nurse, 1990). This
kinase is a dimer composed of a catalytic subunit (homo-
logue of S. pombe p34cdc2) and the regulatory subunit,
cyclin B (Gautier et al., 1988, 1990; Lohka et al., 1988;
Draetta et al., 1989).
CSF was first demonstrated in amphibian oocytes (Masui
and Markert, 1971), and the presence of an equivalent
activity has been demonstrated in mouse M II-arrested
oocytes (Kubiak et al., 1993). The molecular nature of
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CSF is only partially known and its mode of action on
MPF remains unclear. The first molecule described to be
involved in CSF activity was the Mos kinase (Sagata et
al., 1989). Further studies have shown that Mos is
mitogen-activated protein kinase (MAP kinase) kinase
kinase. Mos activates MAP kinase kinase which directly
activates MAP kinase (Posada et al., 1993; Nebreda and
Hunt, 1993). This latter also possesses a CSF activity
(Haccard et al., 1993). Activation of MAP kinase involves
its phosphorylation on threonine and tyrosine residues
(Posada and Cooper, 1992) and causes a change in the
electrophoretic mobility of the two forms of MAP kinase
present in mouse oocytes: ERK 1 and ERK 2 (for extra-
cellulary regulated kinase; Verlhac et al., 1993, 1994).
Activation of ERK 1 and ERK 2 in mouse oocytes takes
place after activation of MPF and germinal vesicle break-
down (GVBD; Verlhac et al., 1993). It seems thus that
MAP kinase fulfills the role of CSF, when maintained in
active state (Haccard et al., 1993). However, at least two
pieces of evidence indicate that active MAP kinase is
necessary but not sufficient for the CSF activity. First,
cdk2 might play a role in the CSF activity in Xenopus
(Gabrielli et al., 1993); however, opposite data were
reported recently (Furuno et al., 1997). Second, fully
active MAP kinase in Xenopus cell-free extracts does not
seem to have the CSF activity before transition to M II
(Abrieu et al., 1996). In addition, recently the presence of
intermediate factors acting between CSF and cyclin B
destruction during exit from the M-phase arrest has been
documented. This pathway involves an unknown inhib-
itor of CSF being under control of polo-like kinase(s)
(Descombes and Nigg, 1998). One must consider that the
alterations in events downstream from CSF might mimic
the CSF effect in biological tests.
Approximately 30 – 40% of oocytes of LT/Sv mice
(Stevens and Varnum, 1974) are ovulated as primary oo-
cytes, arrested at the metaphase of the first meiotic division
(M I; Kaufman and Howlett, 1986; Speirs and Kaufman,
1988; West et al., 1993; Maleszewski and Yanagimachi,
1995). In vivo or during in vitro culture M I LT/Sv oocytes
can extrude a polar body and undergo spontaneous activa-
tion instead of entering M II arrest (Eppig, 1978, 1981;
Kaufman and Howlett, 1986).
‘‘M I arrest’’ of LT/Sv oocytes may be caused by a
modification of CSF activity itself, the time of its develop-
ment, or the meiotic anaphase I trigger. Since the triggering
of anaphase I and inactivation of CSF and MPF requires the
release of calcium (Meyerhof and Masui, 1977; Tombes et
al., 1992; Lorca et al., 1993), it is possible that defects in
calcium release or a pathway involved in this release could
cause M I arrest.
It has been shown that mutation of a single, codominant,
autosomal gene called Poo (primary oocyte ovulation) is
responsible for the observed phenotype of LT/Sv oocytes
(West et al., 1993). The authors named the mutant allele
Pool (Poo from LT/Sv) and the wild-type allele Poob (Poo
from C57Bl/Ws mice). It has been suggested that the defect
of the Poo gene would affect the CSF activity or the capacity
of the MPF to be stabilized by CSF. In both cases the MPF
would be stabilized prematurely causing the M I arrest. A
recent study by Eppig et al. (1996) suggests that the LT/Sv
phenotype is polygenic and that M I arrest and parthenoge-
netic activation are controlled independently.
In the present study we address the question of whether
the mechanism responsible for the M I arrest of LT/Sv
oocytes is analogous to the mechanism of the M II arrest of
oocytes of wild-type mice. To this end, we selected the
population of in vitro maturing ‘‘M I-arrested’’ LT/Sv oo-
cytes. This provided homogenous material for biochemical
studies and physiological tests. We studied microtubule
organization and histone H1 kinase and MAP kinase acti-
vation during the meiotic maturation of LT/Sv oocytes,
since both spindle assembly and the dynamics of histone
H1 kinase and MAP kinase activation may influence oocyte
maturation. We followed the kinetics of the spontaneous
activation of the M I LT/Sv oocytes and tested whether
microtubule depolymerization affects the spontaneous ac-
tivation of M I LT/Sv oocytes. Further, the presence of CSF
activity was tested in M I LT/Sv oocytes and we followed
the influence of CSF-containing cytoplasm from wild-type
M II oocytes on M I LT/Sv oocytes as well as on M I
wild-type oocytes. This enables us to show that the pres-
ence of CSF during M I in either LT/Sv oocytes or wild-type
oocytes does not modify the appearance of the meiotic
anaphase I. The comparison between the behavior of LT/Sv
oocytes during the spontaneous and induced activation
suggests that the signal transduction pathway involved in
meiotic anaphase trigger is altered in these oocytes. We
propose that despite the presence of CSF during M I, the M
I arrest of LT/Sv is caused by delayed anaphase independent
from this factor.
MATERIALS AND METHODS
Maturing Oocytes
Fully grown, meiotically competent oocytes were recovered
from ovaries of 2 to 3-month-old LT/Sv females or F1(CBA/H 3
C57Bl/10) females (referred hereinafter as wild-type). The oocytes
surrounded by cumulus cells were released from ovarian follicles.
Cumulus cells were removed by pipetting and those oocytes with
visible germinal vesicles (GVs) were collected. Oocytes were cul-
tured in modified MEM medium (containing pyruvate and
NaHCO3; WSiS Lublin, Poland) supplemented with 50 mmg/ml
streptomycin sulfate, 60 mg/ml penicillin G and BSA (4 mg/ml) at
37°C under 5% CO2 in air for different periods depending on
experimental design. To synchronize the population of oocytes
undergoing meiosis, germinal vesicle breakdown (GVBD) was
scored, and only those oocytes that underwent GVBD during the
first 2 h of culture were used.
Ovulated Oocytes
Wild-type F1 females were induced to ovulate by intraperitoneal
injection of 10 IU of pregnant mares serum gonadotrophin (PMSG,
Intervet) followed 48 h later by 10 IU of human chorionic gonadotro-
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phin (hCG, Intervet). M II oocytes were recovered 14 h after injection
of hCG. The cumulus cells were dispersed by hyaluronidase. Oocytes
were stored in M2 medium before further manipulation.
Parthenogenetic Activation of Ovulated Oocytes
M I oocytes from LT/Sv strain, in vitro maturing M II or in vivo
ovulated oocytes from wild-type F1 mice were activated in 8%
ethanol in M2 medium for 6 min (Cuthbertson, 1983) and cultured
in MEM medium at 37°C under 5% CO2 in air.
Fusion Procedure
Zonae pellucidae of all oocytes and one-cell embryos were digested
with pronase (0.5% in Ringer solution, Sigma). Wild-type partheno-
genetically activated eggs entering the first mitotic division were
fused either with maturing M I LT/Sv oocytes or maturing M I
wild-type oocytes (Scheme 1). Also M II wild-type oocytes were fused
either with maturing M I LT/Sv oocytes or maturing M I wild-type
oocytes (Scheme 2). Control hybrids were obtained after fusion be-
tween two M I LT/Sv oocytes, two M I wild-type oocytes, or two M II
wild-type oocytes. In all experiments cells were agglutinated with
each other using phytohemagglutinin (150 mg/ml of BSA-free M2
medium, Sigma). Agglutinated pairs were exposed for 90 s to 45%
polyethylene glycol (PEG 2000, Fluka) dissolved in BSA-free M2
medium as described previously by Czolowska et al. (1986). PEG-
treated pairs were cultured in M2 medium until the fusion occurred
and then transferred to MEM medium.
In Vitro Insemination of In Vitro Maturing LT/Sv
Oocytes
Spermatozoa from two caudae epididymes of mature F1(CBA/
H 3 C57Bl/10) males were suspended in fertilization medium
containing 4 mg/ml BSA (Fraser, 1982). They were incubated for 2 h
at 37.5°C under 5% CO2 in air to allow capacitation. Zonae
pellucidae of in vitro maturing LT/Sv oocytes were digested with
acid Tyrode’s solution (pH 2.5; Nicolson et al., 1975). Zona-free
oocytes were washed and transferred to fertilization medium
containing capacitated spermatozoa (final concentration was ap-
proximately 2 3 103 spermatozoa/ml) at 37.5°C under 5% CO2 in
air. One hour after gamete mixing, oocytes were washed out from
the sperm suspension and cultured further in MEM medium.
Chromosome Preparation
Chromosomes of in vitro maturing LT/Sv oocytes were spread
on slides, air-dried, and stained with Giemsa according to
Tarkowski (1966).
Immunofluorescence
Oocytes were fixed and processed for immunofluorescence as
previously described (Maro et al., 1984, modified by de Pennart et al.,
1988). For tubulin staining, the rat monoclonal antibody YL1/2 was
used (Kilmartin et al., 1982) followed by fluorescein-labeled anti-rat
antibody (Biosys). Chromatin was visualized with propidium iodide.
SCHEME 1. M I (LT/Sv and wild-type) and parthenogenetic, mitotic one-cell embryo fusion partners and the major hybrid outcome after
24 h culture are represented.
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The samples were mounted in ‘‘Citifluor’’ and observed using a
Bio-Rad MRC-600 laser scanning confocal microscope.
Kinase Assays
To determine the kinetics of activation of histone H1 and
MAP kinase, groups of 10 synchronized LT/Sv oocytes were
collected in GV stage, at GVBD, and 1, 2, 5, and 18 h after GVBD.
They were frozen in 1 ml of water containing 20 mg/ml BSA.
They were then assayed for their ability to phosphorylate in
vitro histone H1 (for H1 kinase activity) and myelin basic
protein (MBP, for MAP kinase activity). Kinase assays were
performed as described previously (Verlhac et al., 1994). Each
experiment was repeated twice.
Immunoblotting
Fifteen LT/Sv oocytes in different stages of in vitro maturation
were washed in M2 1 PVP and collected in loading buffer (Lae-
mmli, 1970) and boiled for 3 min. The proteins were separated by
electrophoresis in 10% polyacrylamide gels containing 0.1% SDS
and electrically transferred to nitrocellulose membranes (Schlei-
cher and Schuell, pore size 0.45 mm). The membranes were washed
in Tris-buffered saline containing 0.1% Tween 20 (TBS–Tween)
and neutralized by a 2-h incubation at 20°C in TBS–Tween con-
taining 3% skimmed milk, incubated overnight at 4°C with
anti-ERK antibody (No. 691, Santa Cruz Biotechnology) diluted
1:300 in TBS–Tween containing 1% skimmed milk, washed in
TBS–Tween, and then incubated 1 h at 20°C with an anti-rabbit
antibody conjugated to horseradish peroxidase (Amersham) diluted
1:1000 in TBS–Tween. Finally the proteins were visualized using
ECL detection system (Amersham).
Drugs
Nocodazole (Sigma) was used at a concentration of 10 mM. It was
diluted in the culture medium immediately before each experiment.
RESULTS
Histone H1 Kinase and MAP Kinase Activation,
Microtubule, and Chromosome Organization in
LT/Sv Oocytes during In Vitro Culture
We followed chromosome condensation, meiotic
spindle formation, the state of phosphorylation, and
FIG. 1. Air-dried preparation of M I LT/Sv oocyte with 20
bivalents (18 h after GVBD).
SCHEME 2. M I (LT/Sv and wild-type) and wild type M II fusion partners and major hybrid outcome after 24 h culture are represented.
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activities of ERK 1 and ERK 2 MAP kinases as well as
histone H1 kinase activity in LT/Sv oocytes during
maturation in vitro.
We detected no differences between LT/Sv and wild-
type oocytes in timing or mode of the chromosome
condensation and the first meiotic spindle formation
FIG. 9. Morphology of ethanol-activated and in vitro fertilized M I LT/Sv oocytes. (a)Ethanol-activated M I-arrested LT/Sv oocyte
which underwent ‘‘immediate cleavage’’ and entered interphase (fixed 20 h after GVBD). (b)Ethanol-activated M I-arrested LT/Sv
oocyte which extruded the first polar body and entered interphase (fixed 20 h after GVBD). (c) Oocyte fertilized 16 h after GVBD (fixed
18 h after GVBD). Unchanged M I spindle, highly condensed sperm chromatin, and microtubules forming a monopolar spindle-like
structure next to the sperm head (right) are visible. A fragment of the sperm flagellum is present above the sperm head. (d)
Spontaneously activated oocyte penetrated by a spermatozoon (fixed 18 h after GVBD). The chromatin of the oocyte is decondensed
and forms a female pronucleus (upper part of the oocyte, next to the first polar body), the sperm head chromatin remains condensed
and is not accompanied by any specific microtubule array (bottom part of the oocyte).
203CSF in LT/Sv Mouse Oocytes
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
(Verlhac et al., 1994). First polar body (PB I) extrusion
did not, however, occur in LT/Sv oocytes at the time
characteristic for wild-type oocytes. At 15 h post-GVBD,
wild-type oocytes had completed maturation but only
a small proportion (15%) of in vitro maturing LT/Sv
oocytes had extruded PB I and entered metaphase of
the second meiotic division. Chromosomal analysis of
oocytes which had not extruded first polar body at 15,
24, 30, 42, and 53 h after GVBD showed that all of
them contained bivalents, i.e., were in the first meiotic
metaphase (Fig. 1). In these oocytes we observed pro-
gressive changes of the M I spindle followed by dis-
organization of the metaphase plate. The length of the
spindle increased progressively (Fig. 2). The displace-
ment of the chromosomes correlated with dispersion
of the spindle and were observed from 42 h after GVBD
(Fig. 3c). The changes of the length of the spindle in
aged M I LT/Sv oocytes were described previously by
Albertini and Eppig (1995). Here we show the evolution
of this process (Figs. 2 and 3). We could not compare
the changes of the cytoskeleton of aging M I LT/Sv
oocytes with M I wild-type oocytes since the latter do
not arrest in M I stage during meiotic maturation. We
analyzed therefore the morphology of the spindles of
aging wild-type M II oocytes to understand whether the
degeneration of meiotic spindles of LT/Sv oocytes is
specific to the LT/Sv strain of mice or typical for any in
vitro aging oocyte. It has been shown previously that in
in vivo aging mouse oocytes disintegration of metaphase
II plate occurs (Szo¨llo¨si, 1971, 1975), suggesting that
similar changes take place in aging LT/Sv oocytes (42 h of
in vitro culture). Indeed, under our experimental condi-
tions all of 12 wild-type oocytes analyzed 18 h after
GVBD enclosed normal metaphase II spindles, while in
all of 13 oocytes fixed 42 h after GVBD we detected
deformations of the spindles and the metaphase plates
similar to these observed in aging M I LT/Sv oocytes (data
not shown).
FIG. 4. Histone H1 kinase activity in maturing LT/Sv oocytes.
FIG. 5. MBP kinase activity in maturing LT/Sv oocytes.
FIG. 6. Anti-ERK immunoblotting of maturing LT/Sv oocytes
shows a shift of the ERK 1 and ERK 2 proteins during the beginning
of oocyte maturation. Note unshifted, lower position in GV oo-
cytes, intermediate shift 1 h after GVBD, and the full upward shift
of the proteins 2 and 3 h after GVBD.
FIG. 7. In vitro maturation of LT/Sv oocytes. Most of LT/Sv
oocytes remain in M I until 24 –25 h after GVBD. Those which
extruded the first polar body start to enter the pronuclear
stage at 21–22 h after GVBD. Polar body extrusion followed
by parthenogenetic activation progresses in LT/Sv oocytes
and 42– 48 h after GVBD the majority of LT/Sv oocytes en-
closes interphase nuclei. Control F1 wild-type oocytes ex-
truded the first polar bodies much earlier than the LT/Sv oocytes
and 15–17 h after GVBD 80% (56/70) of F1 oocytes extruded
the first polar body and remained in M II (data not shown on
the graph).
204 Ciemerych and Kubiak
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
In LT/Sv oocytes histone H1 kinase activity began to
increase at the time of GVBD and reached a maximum in
M I (Fig. 4). MAP kinase activity increased rapidly to a
maximum between 1 and 2 h post-GVBD and remained
high during M I in LT/Sv oocytes (Fig. 5). The timing
of ERK 1 and ERK 2 phosphorylation, reflected by the
decrease in the gel-mobility of ERK 1 and ERK 2 proteins,
correlates with the activation of these kinases as mea-
sured by MBP kinase activity (Fig. 6). It resembled to
some extent the timing observed in oocytes from wild-
type mice (Verlhac et al., 1993, 1994). Activation of
MAP kinase in LT/Sv oocytes takes place similarly
to that in wild-type oocytes after GVBD. The major
difference between LT/Sv and wild-type oocytes con-
cerned acceleration of the MAP kinase activation ob-
served in LT/Sv oocytes. Activation of MAP kinase
reflected by the decrease in the gel mobility of ERK 1
and ERK 2 proteins takes place between 1 and 2 h after
GVBD in LT/Sv oocytes, while it was observed between
2 and 2.5 h in Swiss albino mice (described previously
by Verlhac et al., 1994).
Stability of the M I Arrest and Spontaneous
Activation of LT/Sv Oocytes during In Vitro
Culture.
In the majority of LT/Sv oocytes the first meiotic
M-phase was dramatically prolonged. In vitro maturing
LT/Sv oocytes begun to extrude the first polar body 15 h
after GVBD, thus significantly later than the wild-type F1
oocytes (approximately 9 h after GVBD). Only 15% of
oocytes which extruded PB I arrested in M II. In the
majority of LT/Sv oocytes PB I extrusion was followed by
parthenogenetic activation and pronuclear formation. The
first LT/Sv eggs containing pronuclei were observed 21 h
after GVBD (8%) and then their number increased to 70% at
42–48 h after GVBD (Fig. 7).
To check whether the spontaneous activation depends
on delayed triggering of the anaphase we disrupted the
spindle using the microtubule depolymerizing drug, no-
codazole. It has been shown previously that an intact
spindle is crucial for oocyte activation (Winston and
Maro, 1995), indicating that the anaphase triggering
mechanism cannot operate in the absence of spindle. We
subjected LT/Sv oocytes to 5 h nocodazole treatment
either before the onset of spontaneous activation (14 h
after GVBD) or at the time when they activate spontane-
ously (23 h after GVBD). Three independent experiments
were carried out. In each of them the oocytes were scored
for the pronuclear formation 42 h after GVBD (Table 1).
The abolition of spindle microtubules with nocodazole
prior to the time of activation did not affect the incidence
of activation; however, disruption of spindles during the
time of spontaneous activation (23–28 h after GVBD)
diminished the total number of activated oocytes from 68
to 40%. These results suggest that in M I LT/Sv oocytes,
like wild-type M II oocytes, intact spindles are necessary
for spontaneous activation.
CSF-like Activity is Present in M I LT/Sv Oocytes
Since numerous in vitro maturing LT/Sv oocytes remain
in M I, we tested them for the presence of active CSF using
a fusion-based assay as described previously for wild-type
MII oocytes (Kubiak et al., 1993). M I LT/Sv oocytes 18, 24,
and 40 h post-GVBD were fused with parthenogenetic
one-cell embryos entering the first mitosis (Scheme 1). All
hybrids were scored 24 h after fusion. Fifty-four percent of
LT/Sv oocytes aged 18 h and 40% of LT/Sv oocytes aged
24 h induced M-phase arrest in the parthenogenetic em-
bryos (Table 2a), but only 18% of hybrids produced after
fusion of LT/Sv oocytes 48 h after GVBD with parthenoge-
netic embryos remained stably arrested in M-phase. A
similar proportion of control hybrids composed of two
LT/Sv oocytes were arrested in M I (Table 2a). All control
parthenogenetic one-cell embryos subjected to PEG treat-
ment cleaved and formed two-cell embryos. These data
indicate that at least a proportion of M I LT/Sv oocytes
TABLE 1
Effect of Nocodazole on the Frequency of Spontaneous Activation of M I LT/Sv Oocytes
Age of oocytes at the beginning
of nocodazole treatment Time spent in nocodazole
Proportion of activated oocytes
1 Nocodazole Control
14 h after GVBDa 5h 73% (11/15) 65.5% (19/29)
68.2% (15/22) 66.7% (20/30)
66.7% (10/15) 69.2% (9/13)
Mean: 69.2% (36/52) Mean: 66.7% (48/72)
23 h after GVBDa 5h 27.7% (5/18) 65% (13/20)
53.3% (8/15) 69.2% (9/13)
40.7% (11/27) 68.9% (42/61)
Mean: 40.0% (24/60)b Mean: 68.1% (64/94)
a Oocytes were scored 42 h after GVBD.
b Result which differs statistically from all other mean results (P ,0.01, x2 test)
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contain CSF in amounts sufficent to block cell cycle pro-
gression in parthenogenetic embryos.
To determine whether wild-type oocytes develop CSF
activity during M I, we observed the behavior of hybrids
between wild-type F1 maturing oocytes, which approach M
I (4 h after GVBD) and mitotic, parthenogenetic embryos
(Scheme 1). All these hybrids exhibited a meiotic pheno-
type, i.e., they extruded a first polar body and became
arrested in M-phase for at least 28 h (Table 2b). The timing
of the polar body extrusion, however, was intermediate
between the timing of the first mitotic division of parthe-
nogenetic control embryos and a first polar body extrusion
in control wild-type oocytes. The majority of hybrids ex-
truded polar bodies 3–5 h after nuclear envelope breakdown
(NEBD) of the parthenogenetic one-cell embryo partner and
6–8 h after GVBD of the oocyte partner, while two mitotic
parthenogenetic embryos fused together cleaved approxi-
mately 2 h after NEBD and two maturing wild-type oocytes
fused together extruded first polar bodies 8–9 h after GVBD
(Fig. 8). In the M-phase-arrested hybrids the chromosomes
of the meiotic partner corresponded to M II stage (mono-
valents containing two chromatids), while those originating
TABLE 2
Behavior of Hybrids Obtained after Fusion of One-Cell Parthenotes in G2/M with M I LT/Sv Oocytes
at Different Ages after GVBD (a) or M I Wild-Type Oocytes (b)
(a) Age of MI LT/SV oocytes (after GVBD) % of M-phase-arrested cells
At the moment of fusion
with 1-cell parthenotes
At the moment of
fixation of hybrids Hybridsa
Control maturing
LT/Sv oocytesb
18 h 42 h 53.7 (22/41) 48.4 (15/31)
24 h 48 h 40.0 (14/35) 30.6 (15/49)
40 h 64 h 18.2 (2/11) 21.7 (5/23)
(b) Age of M I wild-type oocytes (after GVBD) % of M-phase arrested
At the moment of fusion
with 1-cell parthenotes
At the moment of
fixation of hybrid Hybrids
Control maturing
wild-type oocytesc
4 h 28 h 100 (20/20) 100 (11/11)
4 h 42 h 100 (6/6) 90.9 (10/11)
a Remaining hybrids extruded PB and were activated.
b Remaining maturing oocytes extruded PB I were activated.
c All control maturing wild-type oocytes extruded PB I, all but one remained arrested in M II, the remaining oocyte was activated.
FIG. 8. Dynamics of cytokinesis (mitoses or PB I extrusions) in experimental hybrids obtained by fusion of maturing wild-type oocytes
with mitotic, parthenogenetic one-cell embryos and control hybrids between two mitotic embryos or two maturing oocytes.
206 Ciemerych and Kubiak
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
from the mitotic embryos were unichromatid. In the ma-
jority of hybrids they were arranged in a single giant spindle
(data not shown). These data indicate that in hybrids
between maturing M I wild-type oocytes and parthenoge-
netic one-cell embryos the duration of mitosis of the
parthenogenetic one-cell embryo fusion partner was pro-
longed; however, stable M-phase arrest was provoked only
when maturing oocyte fusion partner enter M II stage.
Maturing M I wild-type oocytes might, therefore, contain
an activity involved in stabilization of an M-phase; how-
ever, the fusion experiments do not prove whether this
activity is an equivalent of CSF present in M II oocytes.
Since CSF is present in M II-arrested wild-type oocytes
(suggested by Balakier and Czolowska, 1977; demonstrated by
Kubiak et al., 1993), we used such oocytes as fusion partners
to observe effects of exogenous CSF on frequency of M I arrest
of LT/Sv oocytes. To this end we produced hybrids between M
I LT/SV oocytes (18 h after GVBD) and wild-type M II oocytes
(15 h after hCG) and between M I wild-type (4 h after GVBD)
and wild-type M II oocytes (15 h after hCG) (Scheme 2).
Additionally, we produced control hybrids between two M I
LT/Sv oocytes, two M I wild-type oocytes, and two M II
wild-type oocytes. A similar proportion of experimental hy-
brids between M I LT/Sv oocytes and M II wild-type oocytes
and control hybrids between two M I LT/Sv oocytes remained
arrested in M-phase without extrusion of a PB after 24 h (41.7
and 50%, respectively: Table 3.). The majority of control
hybrids between two M I oocytes or M I and M II oocytes
originating from wild-type F1 mice extruded polar bodies and
become stably arrested in M-phase (Table 3; Scheme 2). Also,
86.7% of control hybrids between two M II wild-type oocytes
remained arrested in this stage. Thus, the introduction of M II
cytoplasm into M I oocytes from LT/Sv strain does not
influence the frequency of delayed metaphases and does not
diminish the rate of spontaneous activation. This suggests
that mechanism triggering anaphase I in LT/Sv oocytes is not
blocked by CSF. Similarly, the introduction of exogenous CSF
into maturing M I wild-type oocytes does not affect the M I/M
II transition (Table 3). In LT/Sv oocytes as well as in the
wild-type oocytes the anaphase I can be triggered in the
presence of CSF activity (endogenous or introduced by fusion
from the wild-type M II oocytes).
Ethanol Activation but Not Sperm Penetration
Induces Anaphase I in LT/Sv Oocytes
Since spontaneous anaphase I trigger is delayed in M I
LT/Sv, we wanted to check whether one may induce
anaphase I by ethanol treatment or sperm penetration.
During the in vitro culture, wild-type oocytes progres-
sively acquire the ability to be activated parthenogeneti-
cally by ethanol treatment. Maturing oocytes which pro-
gressed to M II stage did not respond to the ethanol
treatment before 16 h after GVBD. In oocytes activated 16 h
after GVBD we observed the formation of pronuclei in 41%,
and in 88% of oocytes upon ethanol treatment 18 h post-
GVBD (Table 4).
M I LT/Sv oocytes similarly to M II wild-type oocytes
respond to the ethanol treatment by the formation of the
pronuclei, however they can be ethanol activated much
earlier after GVBD. Forty-four percent of M I LT/Sv oocytes
could be activated 7 h after GVBD, 68% could be activated
10 h after GVBD, and 93% could be activated 13 h after
GVBD, therefore, at the time when M II wild-type oocytes
are not yet activable (Table 4). Under our culture conditions
most ethanol-activated LT/Sv oocytes underwent ‘‘imme-
diate cleavage’’ (Fig. 9a), while some formed a single (pre-
sumably diploid) giant pronucleus (Fig. 9b).
Although parthenogenetic stimuli could trigger anaphase
I and induce activation of M I oocytes of LT/Sv strain,
sperm penetration did not. Ninety-four percent of insemi-
nated oocytes were penetrated by the spermatozoa; how-
ever, the majority of them remained arrested in M I (Table
5). These oocytes contained highly condensed sperm chro-
matin surrounded by an aberrant spindle-like microtubular
structure (Fig. 9c). Only 11% of penetrated oocytes under-
went polar body extrusion and formed pronuclei. In some
oocytes the development of a male pronucleus was re-
tarded, suggesting that the sperm penetration rather fol-
lowed the spontaneous activation of the oocyte than caused
the oocyte activation (Fig. 9d). We concluded that the sperm
penetration is not able to induce activation of in vitro
maturing M I LT/Sv oocytes.
DISCUSSION
CSF Activity Develops in LT/Sv Oocytes during the
First Meiotic M-Phase
Meiotic maturation of LT/Sv oocytes begins without
visible abnormalities in chromosome condensation, micro-
tubule organization, and profile of histone H1 kinase acti-
vation. MAP kinase activates with slight acceleration in
comparison to wild-type mice (Verlhac et al., 1994). Later
on, however, most of LT/Sv oocytes were temporally pre-
vented from undergoing the M I / anaphase I transition and
remained in a prolonged M I stage. This M I arrest of LT/Sv
oocytes has been attributed to premature development of
CSF activity (West et al., 1993; Maleszewski and Yanagi-
machi, 1995). Additionally it has been shown by Hirao and
Eppig (1997) that Mos kinase participates in the M I arrest of
LT/Sv oocytes. It is possible therefore that accelerated
activation of MAP kinase could reflect premature appear-
ance of CSF during M I stage.
A recent study using cell-free extracts of Xenopus eggs
showed, however, that a transient drop in MPF activity
during the M I/M II transition is required for the appearance
of the MAP kinase-dependent CSF activity (Abrieu et al.,
1996). LT/Sv oocytes, which do not undergo M I / M II
transition, do not undergo any drop in MPF (histone H1
kinase) activity (Hampl and Eppig, 1995; this paper). In the
current paper we demonstrate that CSF activity can develop
in these oocytes in the presence of activated MAP kinase
without any drop in MPF activity. The mechanism regulat-
ing the appearance of CSF in mouse and Xenopus oocytes
probably differs. In LT/Sv oocytes, prolonged MAP kinase
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activity may eventually lead to the development of CSF
activity despite the continuous presence of a stable MPF
activity. Accelerated activation of MAP kinase after GVBD
might facilitate this process.
The CSF activity that develops during M I is not suffi-
cient to prevent activation of LT/Sv oocytes since the
anaphase I (spontaneous or induced) can be triggered in
these oocytes. The mechanism which leads to second
meiotic anaphase in wild-type oocytes is also triggered in
the presence of CSF and overcomes this activity allowing
MPF inactivation. For at least 2 h after oocyte activation,
abundant Mos protein remains in the mouse embryo (We-
ber et al., 1991) and MAP kinase is active (Verlhac et al.,
1994). In Xenopus eggs CSF activity can be detected for
some time after activation (Watanabe et al., 1992). These
observations imply that in both mouse and Xenopus oo-
cytes the CSF activity is either transiently inactivated
(eventually only diminished) or overridden, allowing exit
from M II. Without knowing the molecular composition of
CSF one cannot distinguish between these possibilities.
Transient inactivation or overriding of CSF activity is
also observed when young mouse M II oocytes are forced to
activate and enter a third metaphase (M III, Kubiak et al.,
1989). Our experiments show that CSF in wild-type M II
oocytes does not prevent anaphase I after fusion either with
M I LT/Sv or M I wild-type oocytes. This suggests that the
M I to anaphase I transition in these mice is also accompa-
nied by a mechanism involving either transient inactiva-
tion or overriding of the CSF activity.
In maturing oocytes of c-mos-deficient mice neither
Mos/.../MAP kinase-activating pathway nor CSF are in-
volved in controlling the timing of meiotic maturation,
since oocytes from mos2/2 mice complete the first meiotic
division at the same time as the oocytes from mos1/2 mice
(Verlhac et al., 1996; Choi et al., 1996; Araki et al., 1996).
Unlike LT/Sv oocytes, mos2/2 oocytes do not activate ERK
1 and ERK 2 MAP kinases, enter M II, but do not develop
CSF activity and consequently do not arrest in this stage
(Colledge et al., 1994; Hashimoto et al., 1994; Verlhac et al.,
1996; Choi et al., 1996; Araki et al., 1996). In addition, the
function of Mos, MAP kinase, and CSF in mouse oocytes is
not to prevent MPF reactivation since mos2/2 oocytes enter
M III in high proportion (Verlhac et al., 1996). The only
apparent similarity between mos2/2 and LT/Sv oocytes
concerns their spontaneous activation. Mechanisms of oo-
cyte activation seem to differ, however, in these two strains
of mice. In mos2/2 oocytes the second meiotic division
does not arrest at metaphase because of the absence of CSF.
In LT/Sv oocytes the anaphase I trigger induces the exit
from M I despite the presence of CSF. CSF, therefore, must
be inactivated or overridden. This observation indicates
that the LT/Sv mutation is not related to Mos /...../ MAP
kinase-activating pathway which is in agreement with
Hirao and Eppig (1998). CSF inactivation/overriding during
anaphase I followed by oocyte activation is therefore a
unique characteristic of LT/SV oocytes. This comparison
enables us to postulate that the major role in LT/Sv oocyte
activation should be attributed rather to a modified an-
aphase I trigger and not to CSF defect.
Defective Mechanism Triggering Anaphase I is
Responsible for the Phenotype of LT/Sv Oocytes
In mouse oocytes the exit from M II requires the activat-
ing stimulus leading to transient increase in Ca21 concen-
TABLE 3
Behavior of Experimental Hybrids Obtained after Fusion of M I LT/Sv Oocytes (18 h after GVBD) or M I Wild-Type Oocytes (4 h after
GVBD) with M II-Arrested Wild-Type Oocytes
Type of oocytes used as fusion partners
M-phase-arrested hybrids
Activated hybrids
(PB I extruded)PB I nonextruded PB I extruded
M I LT/Sv
m M II wild-type 41.7% (10/24) — 58.3% (14/24)
n M I LT/Sv 50.0% (6/12) — 50.0% (6/12)
M I wild-type
m M II wild-type 21.4% (3/14) 71.4% (10/14) 7.2% (1/14)
n M I wild type 16.7% (2/12) 83.3% (10/12) —
M II wild-type 3 M II wild-type — 86.7% (13/15) 13.3% (2/15)
Note. All cells were scored after 24 h of culture (42 h after GVBD of LT/Sv oocytes).
TABLE 4
Ethanol Activation of In Vitro Maturing M I LT/Sv Oocytes and
Wild-Type M II Oocytes
Age of oocytes at the time of
activation (h after GVBD)
Proportion of activated
oocytes with pronuclei
LT/Sv (%) Wild-type (%)
7 44.4 (8/18) 0
10 68 (30/44) 0
13 93 (28/30) 0
16 100 (8/8) 40.7 (22/54)
18 100 (20/20) 88.0 (45/51)
21 100 (11/11) 90.0 (25/28)
Note. Oocytes were scored 4–5 h after activation.
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tration in the presence of an intact spindle (Winston et al.,
1995; Winston and Maro, 1995) required for cyclin B degra-
dation (Kubiak et al., 1993). The rate of spontaneous acti-
vation of in vitro maturing LT/Sv oocytes was also found to
be affected by destruction of the spindle (this paper). Since
the period when LT/Sv oocytes activate spontaneously is
greatly extended in time, spindle depolymerization affected
only those oocytes in which anaphase trigger appeared at
the time they were exposed to nocodazole, suggesting that
a similar degradation machinery of cyclin B is involved in
anaphase I of LT/Sv oocytes and anaphase II of wild-type
oocytes. This characteristic is thus common for LT/Sv and
wild-type oocytes.
The cytoplasmic and nuclear maturation of mouse oo-
cytes can be uncoupled experimentally. Oocytes that un-
dergo cytoplasmic maturation in the absence of microtu-
bules become fully activable and show M II-like pattern of
protein synthesis (McConnell et al., 1995). M I-arrested,
partially competent oocytes from 18-day-old wild-type
mice could also be activated and showed a protein pattern
characteristic for M II (Eppig et al., 1994). In vitro cultured
oocytes from wild-type adult mice, which have arrested at
M I, develop their activability at the same time as normally
maturing M II oocytes (Polanski, 1995). Our data suggest
that this may happen also naturally during meiotic matu-
ration of LT/Sv oocytes. The delayed anaphase I in LT/Sv
oocytes occurs at the time when oocytes possess M II
characteristics and these conditions may therefore trigger
the response typical for the wild-type M II oocytes—
activation.
The sensitivity to a single calcium peak (ethanol activa-
tion) develops much earlier in LT/Sv oocytes than in
wild-type oocytes (7 h post-GVBD vs 16 h, respectively)
while the response to sperm penetration is highly impaired
in M I LT/Sv oocytes. This suggests that the defect of LT/Sv
oocyte maturation concerns the delayed anaphase I trigger,
the precocious development of oocyte activability by etha-
nol treatment, and the impaired transmission of fertiliza-
tion signal upstream from calcium peak, independently
from the time of appearance of CSF. Such a complex
phenotype could result from mutation of a single gene, as
postulated by West et al. (1993), if a common step is
involved in these three phenomena. It seems much more
probable that mutations of more than one gene are in-
volved, as suggested by Eppig et al. (1996). Our work defines
more precisely the target(s) of this/these mutation(s) and
provides a framework for it/their identification.
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